Aim: Interleukin-22 (IL-22) exhibits both proinflammatory and anti-inflammatory properties in various biological processes. In this study we explored the effects of exogenous recombinant IL-22 (rIL-22) on cigarette smoke (CS)-induced airway inflammation in mice. Methods: Male C57BL/6 mice were divided into groups: (1) CS group exposed to tobacco smoke for 3 consecutive days, (2) rIL-22 group received rIL-22 (100 mg/kg, ip), and (3) CS plus rIL-22 group, received rIL-22 (100 mg/kg, ip) before the CS exposure. The airway resistance (Rn), lung morphology, inflammatory cells in the airways, and inflammatory cytokines and CXCR3 ligands in both bronchoalveolar lavage (BAL) fluids and lung tissues were analyzed. Results: CS alone significantly elevated IL-22 level in the BAL fluid. Both CS and rIL-22 significantly augmented airway resistance, an influx of inflammatory cells into the airways and lung parenchyma, and significantly elevated levels of pro-inflammatory cytokines (TGFβ1 and IL-17A) and CXCR3 chemokines (particularly CXCL10) at the mRNA and/or protein levels. Furthermore, the effects of rIL-22 on airway resistance and inflammation were synergistic with those of CS, as demonstrated by a further increased Rn value, infiltration of greater numbers of inflammatory cells into the lung, higher levels of inflammatory cytokines and chemokines, and more severe pathological changes in CS plus rIL-22 group as compared to those in CS group. Conclusion: Exogenous rIL-22 exacerbates the airway inflammatory responses to CS exposure in part by inducing expression of several proinflammatory cytokines and CXCR3 ligands.
Introduction
IL-22 is a member of the IL-10 cytokine family and plays an important role in the inflammatory responses associated with mucosal immunity [1] [2] [3] . Recent evidence has shown that many immune cells, such as CD4 + T cells (particularly Th17 cells), NK cells, and LTi-like cells, produce IL-22 [4] [5] [6] . IL-22 targets the cells of the respiratory system, skin and gastrointestinal tract. The receptor for IL-22 (IL-22R) is a heterodimeric receptor consisting of IL-22R1 and IL-10R2 [7] . IL-10R2 is ubiquitously distributed in various cells, while the expression of IL-22R1 is restricted to epithelial cells of non-hematopoietic origin, primarily those of the skin, gut, and lung. This distribu-tion allows the cytokine to play a part in the innate immune response of the epithelia in response to various extracellular invading pathogens [8] [9] [10] . Several studies performed in animal models have demonstrated that IL-22 exerts a protective role in the eosinophilic airway inflammation induced by allergens, ventilator-induced lung injury, and the airway inflammation and pulmonary fibrosis induced by bleomycin [11] [12] [13] [14] [15] [16] . In human asthma studies, Pennino and colleagues demonstrated a tissue-restricted regulatory role of IL-22 in controlling the extent of the lung inflammation mediated by IFNγ [17] . IL-22 is a major cytokine produced by Th17 cells and is capable of inducing the release of numerous chemokines and growth factors that recruit leukocytes to the site of injury [2, 7, 18] , suggesting a proinflammatory/pathological role for IL-22. Evidence supporting the inflammatory characteristics of IL-22 includes the reduc-tion in acanthosis and neutrophil infiltration in the inflamed skin of IL-22 knockout mice after repeated treatment with IL-23. Additionally, IL-22-secreting T cells are involved in the recruitment of inflammatory cells in an IL-22-and TNFα-dependent manner [19] . Recent studies have shown that IL-22 is detected at the site of allergic airway inflammation. Moreover, a higher serum concentration of circulating IL-22 is observed in patients with severe asthma compared with that in patients with milder disease or in healthy controls [11, 20] . Cigarette smoke (CS) is a major risk factor in the pathogenesis of chronic obstructive pulmonary disease (COPD) [21] . CS is a profound proinflammatory stimulus. An acute CS exposure triggers lung inflammation and the subsequent responses play crucial roles in the development of bronchospasm, airway remodeling, and lung tissue damage [21] . T cells are a prominent cell type found in the inflammatory environment of the lungs of COPD patients, with CD4 + and CD8 + T cells being found in both the airways and parenchyma of these patients [22, 23] . Th1, Th17, and cytotoxic T cells (Tc) participate in lung inflammation through the release of a plethora of cytokines (including IFNγ, IL-17, and IL-22) and the induction of apoptosis in airway epithelial cells [13] . COPD-associated Th1 cells (known as Th17 cells) have been identified in lungs from COPD patients, indicating the important role of the Th17 cell-derived cytokines. For instance, IL-22 and IL-17A can induce the expression of MMP3 and MMP12, the latter of which is found to be increased in CS-induced emphysema [24] . Recent evidence from human samples has shown a significant increase in the numbers of peripheral blood IL-22 + cells in the CD4 + memory T-cell population in active smokers with COPD and an increased number of IL-22 + immunoreactive cells in both the bronchial epithelium and the bronchial submucosa in stable COPD [25] [26] [27] . A significantly elevated IL-22 concentration has been detected in the sputum and blood from COPD patients and healthy smokers compared with healthy nonsmokers [25] . These data might suggest the importance of IL-22 in the pathogenesis and progression of COPD. However, IL-22 can function as either an anti-inflammatory cytokine or a pro-inflammatory cytokine, depending on the context in which it is expressed [11, 15] . Given the multiple possible roles of IL-22 during inflammatory and protective processes, its effect on airway inflammation in the setting of CS exposure is not completely understood. The aim of this study was to investigate the in vivo effect of exogenous IL-22 on lung inflammation induced by an acute exposure to CS in an animal model. Our data suggest that the exogenous administration of IL-22 might play an inflammatory role in CS-induced airway pathology.
Materials and methods

Animals and experimental design
Male C57BL/6 mice (8-10-week old; 20-25 g body weight) were purchased commercially (Experimental Animal Research Center, Beijing, China), and maintained in a specific-pathogen free mouse facility at the Peking Union Medical College Hospital Animal Care Center. All experiments were performed in accordance with International and Institutional Guidelines for Animal Care and were approved by the Peking Union Medical College Hospital Committee on Animal Care and Use.
CS exposure was performed according to previously described procedures [28, 29] . Briefly, the mice were placed in a closed plastic box connected to a smoke generator. The mice were subjected to whole-body exposure to the tobacco smoke of five cigarettes (Reference Cigarette 3R4F, University of Kentucky, USA) four times a day with 30-min smoke-free intervals between each smoke exposure for three consecutive days. Three additional groups of mice were included in the experimental design. One group of mice was exposed to CS and received a single intraperitoneal (ip) injection of recombinant IL-22 (rIL-22) (Generon Corporation, Shanghai, China) at a dose of 100 mg/kg body weight half an hour before the CS exposure. The second group was exposed to filtered air, but received an injection of rIL-22. The last group was exposed to filtered air. The dosage of rIL-22 used for this investigation was based on previously published articles with modifications [30, 31] . A 100 mg/kg body weight dose of rIL-22 was found to induce sufficient airway inflammation without causing systemic effects, such as significant weight loss and fatigue, in the mice.
After the acclimatization period, the mice were randomly divided into four groups (n=6 for each group): 1, air exposure (air); 2, rIL-22 treatment (rIL-22); 3, CS exposure (CS); 4, CS exposure with rIL-22 treatment (CS+rIL-22).
The mice were sacrificed 24 h after the last of the CS exposures, and the various parameters were measured.
Airway resistance test
Airway resistance (Rn) was measured as previously described for the invasive analysis of lung mechanics using a computercontrolled small animal ventilator, the Flexivent system (Scireq, Montreal, PQ, Canada) [32, 33] . Briefly, the mice were anesthetized with an intraperitoneal injection of pentobarbital sodium (80 mg/kg) after 3 d of CS exposure. The trachea was exposed and a 20-gauge cannula was inserted. The mouse was mechanically ventilated at a frequency of 150 breaths/min and a tidal volume of 10 mL/kg. Two minutes after a deep inspiration at an airway pressure of 30 cmH 2 O, the impedance of the respiratory system was measured at a positive endexpiratory pressure (PEEP) of 2 cmH 2 O.
Histological analysis
After 3 d of CS exposure, the lungs were removed and inflation-fixed with 10% formalin at 25 cmH 2 O overnight. Then, the lungs were embedded in paraffin and sectioned at 5-µm thickness. Hematoxylin-eosin (H&E) staining was performed at the Department of Pathology, Peking Union Medical College Hospital (Beijing, China). According to a previously published method [34] , an index of histopathological changes was evaluated by scoring the severity and extent of the occlusion of the airway lumen, epithelial damage, goblet-cell metaplasia, squamous cell metaplasia, infiltration of inflammatory cells, and deposition of collagen around the airways. The The histopathological evaluations of the airways and lung parenchyma were performed by an experienced pathologist in a blinded manner.
Masson trichrome staining
To evaluate the collagen deposition, the paraffin sections obtained from the murine lung tissues were stained using a commercial kit (MassonTrichrome Stain kit, Jiancheng Bioengineering Institute, Nanjing, China) according to the manufacturer's instruction.
Bronchoalveolar lavage (BAL)
The mice were sacrificed, and a 20 gauge catheter was inserted into the trachea. BAL was performed twice with 1 mL of saline, and 90% of the total injected volume was recovered. The recovered BAL fluid was centrifuged, and the supernatant was collected for cytokine analysis. The cell pellets were harvested, and the red cells were lysed. The cell pellets were washed twice and resuspended in 1 mL of saline. The total cells were counted on a hemocytometer. For cell differential counting, the cells were spun onto glass slides, fixed, and stained with H&E. Four hundred cells were evaluated to differentiate the macrophages, neutrophils, and lymphocytes based on morphology.
Detection of the mRNA expression of CXCL9, CXCL10, CXCL11, IL-17A, and TGFβ1 in the lung tissue by quantitative real-time PCR (qRT-PCR) The expression of the mRNA for CXCL9, CXCL10, CXCL11, IL17A, and TGFβ1 was determined using RT-PCR. Briefly, total RNA was isolated from lung tissues using TRIzol (Invitrogen). cDNA was synthesized according to the instructions of cDNA kit (Takara Corporation, Japan). The primers and products of the RT-PCR are listed in Table 1 .
Determination of CXCL9, CXCL10, CXCL11, IL-17A, and TGFβ1 in the lung tissues by immunohistochemistry (IHC) Immunohistochemistry (IHC) was performed as previously described [35] . Briefly, the tissue sections (5 µm) were deparaffinized in xylene and rehydrated in a graded series of ethanol washes. The slides were then quenched with 3% hydrogen peroxide for 10 min at room temperature, placed in a citrate buffer (pH 6.0), heated twice in a microwave oven for 5 min each, and finally blocked for 20 min with 10% normal goat serum at room temperature. The sections were next incubated with the primary antibodies in 1% BSA overnight at 4 °C. The detection was carried out using biotinylated goat antirabbit secondary antibodies (Dakocytomation), streptavidinavidin-biotin complex/horseradish peroxidase (HRP) (Vectastain EliteABC; Vector Laboratories) and diaminobenzidine tetrahydrochloride (Sigma-Aldrich).
ELISA analysis of cytokines or chemokines
The concentrations of CXCL9, CXCL10, CXCL11, IL-6, IL-8, IL-22, TNFα, and TGFβ1 in the BAL fluid were measured using ELISA kits (R&D Systems) according to the manufacturer's instruction.
Statistical analysis
The data are expressed as the mean±SD. As appropriate, comparisons between two groups were carried out using analysis of variance (ANOVA) and the non-parametric two-tailed t test using GraphPad PRISM software (Version 6.0 for Windows; GraphGrad, San Diego, CA, USA). P<0.05 was considered significant.
Results
Effect of rIL-22 and/or acute CS exposure on airway resistance (Rn) First, we evaluated the effect of the acute CS exposure in the presence and absence of rIL-22 on the airway resistance in the mice after 3 d of CS exposure. We used the small animal ventilator (FlexiVent, Montreal, Canada) to measure the airway resistance as reflected by Rn. The Rn value was significantly higher in the mice treated with rIL-22 or exposed to CS than that in the air-exposed mice (all P<0.01). Notably, the mice treated with CS+rIL-22 demonstrated a significant further elevation of the Rn value compared with the mice exposed only to CS or with rIL-22 (all P<0.05), suggesting a synergistic effect of the exogenous rIL-22 and CS exposures on the airway resistance ( Figure 1 ).
Effect of rIL-22 and/or acute CS exposure on airway inflammation We next examined the histological changes in the mice exposed to CS in the absence or presence of rIL-22. The mice pretreated with rIL-22 showed a slightly increased infiltration of inflammatory cells in the lungs, with mild squamous metaplasia and collagen deposition. The epithelial cell damage, inflammatory cell infiltration around the airways and lung parenchyma, squamous metaplasia, and collagen deposition were more obvious in the CS-exposed mice. Importantly, these histopathological changes were more severe in the CS+rIL-22-treated mice ( Figure 2A ). To quantify the degree of inflammation, we used a semi-quantitative scoring system as described in the Materials and methods [34] . Compared with the air-exposed mice, the mice pretreated with rIL-22 or exposed to CS showed significantly higher scores (P<0.05 and P<0.01, respectively). Furthermore, the mice exposed to CS showed significantly higher histopathological scores than those treated with rIL-22 alone (P<0.05). The highest pathological scores were observed in the mice pretreated with rIL-22 and exposed to CS (all P<0.01 vs the CS group and the rIL-22 group) ( Figure  2B ).
Effects of rIL-22 and/or acute CS exposure on the infiltration of inflammatory cells into the airways
The numbers of total inflammatory cells and the differential subpopulations in the recovered BAL fluid were remarkably greater in the mice treated with rIL-22 or exposed to CS compared with the air-exposed group (all P<0.01) (Figure 3 ). There were no statistically significant differences between the CS group and the rIL-22 group for the total and differential numbers of inflammatory cells. Notably, the CS+rIL-22 group had the highest numbers of inflammatory cells and differential subpopulations in the BAL fluid, except for lymphocytes (all P<0.05 vs the CS group and the rIL-22 group) (Figure 3) .
Effects of rIL-22 and/or acute CS exposure on the expression of CXCR3 ligands and cytokines at the mRNA level As shown in Figure 4 , the expression of the mRNA for the CXCR3 ligands was significantly greater in the rIL-22 and CS exposure groups than that in the air-exposed group. However, there were no significant difference in these chemokines between the CS and rIL-22 groups at mRNA level. The expression levels of the mRNA for CXCL10, CXCL11, and TGFβ1 were greatest in the CS+rIL-22 group (Figures 4A and  4B ). The administration of exogenous rIL-22 alone induced the slightly elevated expression of the IL-17A mRNA in the air-exposed mice, whereas CS exposure induced a significant elevation of the IL-17A mRNA in lung tissue ( Figure 4C ). No further increase in the IL-17A mRNA expression was observed in the mice challenged with both CS and rIL-22.
Effects of rIL-22 and/or acute CS exposure on the expression of CXCR3 ligands and cytokines at the protein level To determine the expression of the chemokines and cytokines at the protein level, we performed IHC staining of the lung tissue sections. Significant increases in CXCL9, CXCL10, and CXCL11 were observed in the mice exposed to CS, with or without rIL-22, but not in the air-exposed mice pretreated with rIL-22 ( Figure 5 ). Among the CXCR3 chemokines, only the immunohistological score for CXCL10 was further significantly increased in the mice exposed to CS+rIL-22 pretreatment compared with the CS-exposed mice and the rIL-22-treated mice (all P<0.05), suggesting a synergistic effect of CS and rIL-22 on induction of CXCL10. Similarly, the expression of TGFβ1 and IL-17A was significantly elevated in the CS+rIL-22 group compared with the CS group ( Figure 5) .
We also determined the concentrations of the CXCR3 chemokines and cytokines in the BAL fluid. As shown in Table  2 , there were significant increases in the concentrations of CXCL9, CXCL10, and CXCL11 in the CS-exposed mice. rIL-22 further augmented the effect of the CS exposure for the production of CXCL9 and CXCL10, but not CXCL11. The levels of the measured cytokines, including IL-6, IL-8, IL-22, TNFα, and TGFβ1, were significantly increased in the CS-exposed mice, but not in the rIL-22 pretreated mice. Furthermore, the CS exposure in combination with the rIL-22 pretreatment induced further increases in the secretion of these cytokines, with the exception of IL-6, in the BAL fluid. However, the concentrations of these cytokines and chemokines in the BAL fluids of the rIL-22 group were not significantly greater than those of the air-exposed group.
Discussion
CS-induced airway inflammation is known to be associated with the development of several lung diseases, including asthma, chronic bronchitis and emphysema [21, 36] . In the present study, we showed that CS exposure induces IL-22 and that exogenous administration of rIL-22 induced slight infiltration of the inflammatory cells into the airways and pulmonary parenchyma, airway epithelial damages, and mild collagen deposition around the airways. Furthermore, we demonstrated that exogenous rIL-22, synergistically with the CS insult, significantly augmented the airway inflammation, epithelial damage, and airway aberrant repair as indicated by the much greater levels of collagen deposition around the airways. These data indicate that IL-22 might be acting in a proinflammatory manner to exacerbate the local airway inflammation induced by an acute CS exposure.
IL-22, acting cooperatively with co-expressed IL-17A, has been demonstrated to have a proinflammatory/pathological role in airway inflammation [2, 37] . Besnard and colleagues showed increased levels of IL-22 in the sera of asthmatic patients. These authors also demonstrated a proinflammatory role of IL-22, via regulation of the expression of IL-17A, in the onset of experimental allergic asthma [11] . Sonnenberg and colleagues demonstrated the production of IL-22 and IL-17A by CD4 + Th17 cells in the lung in response to bleomycin-induced acute tissue damage and airway inflammation in a mouse model. These authors confirmed that the proinflammatory effect of IL-22 occurs only in the presence of IL-17A [15] . Consistent with these results, our current data showed that the 3-d exposure to CS in combination with rIL-22 pretreatment significantly increased the IL-22 level in BAL fluid (Table 2 ) and the IL-17A expression in the lung tissue ( Figure 5 ). We also observed an increased level of expression of IL-17A in the lung tissue by IHC staining in the rIL-22 and CS+rIL-22 groups, although IL-17A mRNA was not further induced by CS and rIL-22. One possible explanation might be that IL-22 and IL-17A are produced by activated Th17 cells upon persistent CS insult [38] . It is possible that exogenous IL-22 might facilitate the effect of CS on the airway inflammation via induction of IL-17A.
However, CS contains many toxic chemicals, including dioxins. Most of the effects of the toxins are mediated by the aryl hydrocarbon receptor (AHR) [39] . AHR has recently been shown to specifically regulate IL-22 production [33] . Recent findings in both mice [25] and humans [40] have demonstrated that CS extracts promote T-cells to undergo Th17 differentiation and augment the percentage of IL-22-producing cells in an AHR-dependent manner. Consistent with these observations, our data showed that acute CS exposure induced significant secretion of IL-22 into the BAL fluid. A possible explanation for this observation is that IL-22 in the microenvironment might be heavily influenced by CS exposure. The target cells through which IL-22 fulfills its pro-inflammatory functions are the airway and pulmonary alveolar epithelial cells. We further detected the expression of chemokines and cytokines, focusing on CXCL9, CXCL10, CXCL11, IL-6, IL-8, and TNFα, in both lung tissues and BAL fluid. Our results showed that all these cytokines and chemokines increased robustly after CS exposure at either the mRNA or protein level. CXCL9, CXCL10, and CXCL11 are ligands for CXCR3. They interact with CXCR3 receptor exclusively and promote the recruitment of inflammatory cells, including neutrophils, macrophages and lymphocytes, into the lung tissues. CXCR3 is mainly expressed on the surfaces of CD4 + T cells, CD8 + T cells, NK cells and dendritic cells [41] . It has been shown that CXCR3 and its ligands are upregulated in a CS-exposed animal model [28, 29] or CS-exposed COPD patients [42, 43] . Th17 cells also express the CXCR3 receptor [1, 2] . Thus, it is reasonable to suspect that CXCR3 receptor/ligand interaction recruits Th17 cells into the inflamed lung tissue upon CS exposure. Th17 cells are then stimulated and produce Th17-associated cytokines, particularly IL-17A and IL-22 [44] . This might explain the increases 
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Acta Pharmacologica Sinica npg in IL-17A and IL-22 after the CS exposure in our study. The elevation of IL-8 in the BAL fluid after CS exposure might be due to the effect of pulmonary IL-17A because IL-17 is capable of stimulating the production of IL-8 in the airway epithelial cells [45] . Of interest was the inconsistency in the expression of cytokines and chemokines measured by mRNA and the IHC scores as demonstrated by our study. This might reflect the complexity of airway inflammation by CS exposure in vivo, and the acute effect of IL-22 in facilitating the CS-induced pulmonary pathology. Liang and colleagues reported that the acute response of IL-22 occurred within 6 h [30] . By contrast, we tested the parameters 3 d after a single injection of IL-22.
Despite the short period of the CS exposures in our study, we observed a significant increase in the airway resistance (Rn) and a robust deposition of collagen around the airways.
Our data showed that TGFβ1, which is closely associated with collagen deposition, was upregulated by the rIL-22. This upregulation was more significant when rIL-22 was combined with exposure to CS. Recent data have demonstrated a contributing role of IL-22 in the TGFβ1-mediated airway epithelial-mesenchymal transition in the pathogenesis of asthma [46] . However, there are no data regarding the relationship between IL-22 and TGFβ1 under the conditions of CS exposure.
To our knowledge, this is the first descriptive study specifically focusing on the effect of exogenous rIL-22 on CS-induced airway inflammation. Our data showed that exogenous rIL-22 and CS synergistically exacerbate the infiltration of inflammatory cells into the airways and lung parenchyma. This synergy further triggers the release of inflammatory cytokines and chemokines into the lung in this animal model. Our work sug- Figure 5B. (B) A semi-quantitative assessment was performed in mice exposed for 3 d to CS using a previously reported method. A significantly higher score was observed in mice treated with CS+rIL-22 compared with the CS-exposed mice. n=5-8 mice per group from at least two independent experiments. b P<0.05, c P<0.01. Original magnification ×400.
